The phytophagous stink bug, Nezara viridula (L.) infests multiple plant species and impacts agricultural production worldwide. We analyzed the transcriptomes of N. viridula accessory salivary gland (ASG), principal salivary gland (PSG) and gut, with a focus on putative digestive proteases and nucleases that present a primary obstacle for the stability of protein-or nucleic acid-based stink bug control approaches. We performed high throughput Illumina sequencing followed by de novo transcriptome assemblies. We identified the sequences of 141 unique proteases and 134 nucleases from the N. viridula transcriptomes. Analysis of relative transcript abundance in conjunction with previously reported proteome data (Lomate and Bonning, 2016) supports high levels of serine protease expression in the salivary glands and high cysteine protease expression in the gut. Specifically, trypsin and chymotrypsin transcripts were abundant in the PSG, and cathepsin L-like cysteine protease transcripts were abundant in the gut. Nuclease transcript levels were generally lower than those of the proteases, the exception being abundant transcripts of ribonuclease-C20 in the PSG. The abundance of chymotrypsin, trypsin, and some carboxypeptidase transcripts suggests a significant role for the PSG in production of digestive enzymes. This result is at odds with the premise that the ASG produces watery saliva, which is high in enzymatic activity, while the PSG produces only sheath saliva. We have generated a comprehensive transcriptome sequence dataset from the digestive organs of N. viridula, identified major protease and nuclease genes and confirmed expression of the most abundant enzymes thereby providing greater insight into the digestive physiology of N. viridula.
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Introduction 46
Stink bugs are serious agricultural pests that inflict widespread damage with both native 47 and invasive species presenting particular challenges in various regions of the world (Panizzi 48 2015) . In Brazil alone stink bug activities result in yield losses of more than US$600 million in 49 soybean and more than US$100 million in maize each year (CEPEA/ESALQ, 2017). These 50 insects have the remarkable ability to feed on plant species ranging from herbs and vegetables to 51 trees, and host plants include major crops such as soybean, cotton, corn, cereals, legumes, fruits 52 and vegetables (Correˆa-Ferreira and Azevedo, 2002; Panizzi, 2015; Panizzi et al., 2000) . The 53 cosmopolitan southern green stink bug, N. viridula, is known to feed on 145 plant species from 54 32 families (Kiritani et al., 1965; Todd, 1989 ). This wide-ranging phytophagous behavior of 55 stink bugs prevents focused management appropriate for pests restricted to a given cropping 56 system. 57
The primary management strategy for stink bugs is the application of chemical 58 insecticides, which may pose ecological risks due to their lack of specificity (O'Neal et al., 2018), 59 and may have limited usefulness due to the evolution of resistance in the absence of an integrated 60 pest management approach (Snodgrass and Scott, 2003; Willrich et al., 2003) . Alternative 61 approaches such as the use of Bacillus thuringiensis -derived pesticidal proteins (Bravo et al., 62 2011), and the silencing of genes essential for insect survival have been applied for suppression 63 of some pest insects (Scott et al., 2013; Zhang et al., 2013) . However, the successful application 64 of such protein-and nucleic acid-based agents for suppression of N. viridula populations requires 65 a thorough understanding of the host digestive environment, which presents a hostile 66 environment for the stability of such protein or nucleic acid-based actives. Similar to other stink 67 bug species, N. viridula employs both extra-oral and gut-based digestion with digestive enzymes 68 produced by both the salivary glands and gut. Investigation of digestive enzyme activities in the 69 N. viridula salivary gland, saliva and gut using enzyme assays and proteomics analysis 70 highlighted the division in tissue function with salivary gland production of serine proteases 71 active at alkaline pH, and gut production of cysteine proteases active at acidic pH (Lomate and 72 Bonning, 2016) . 73
To build on these prior observations, we generated a comprehensive RNA-Seq 74 transcriptome dataset from N. viridula accessory salivary gland (ASG), principal salivary gland 75 (PSG), and gut. We identified and functionally annotated a set of protease and nuclease transcript 76 sequences. Differential transcription of these enzymes across tissues (ASG, PSG and gut), was 77 assessed by comparison of RPKM values, and further validated by quantitative real time PCR 78 (RT-qPCR) analysis. Protein expression from the most abundant transcripts was confirmed by 79 mapping peptide libraries derived from salivary gland and gut proteomes against the translated 80 protein sequences derived from the tissue-specific transcriptomes. In addition to allowing for 81 identification of potential target enzymes for stink bug suppression, these digestive tissue-based, 82 transcriptomic datasets provide fundamental information on the specific roles of the respective 83 tissues in digestive enzyme transcription and the enzymatic challenges to be overcome for 84 The quality and integrity of RNA samples was checked using a 2100 Bioanalyzer (Agilent 97 Technologies, Santa Clara, CA, USA) and by agarose gel electrophoresis. Illumina sequencing 98 was performed for libraries for each of the three tissues. All cDNA libraries were generated 99 according to Illumina protocols (Illumina Inc., San Diego, CA, USA). Briefly, 10 µg of total 100 RNA from each N. viridula tissue (ASG, PSG and gut) was treated with DNase I (Sigma, St. 101
Louis, USA). The mRNA was purified by using oligo (dT) magnetic beads and fragmented in the 102 range of ~100-400 bp. The cDNA was synthetized by reverse transcriptase (Invitrogen, Carlsbad, 103 CA, USA) using random hexamer-primers with the mRNA fragments as templates. The quality 104 of each library was checked by 2100 Bioanalyzer. Sequencing of cDNA libraries 100 base reads) 105 was performed using Illumina HiSeq2500 TM (Illumina Inc.,) using standard procedures at the 106 Iowa State University DNA Facility. 107 108
De novo RNA-seq assembly and annotation 109
All raw RNA-seq sequence data were submitted to the NCBI Sequence Read Archive 110 (SRA; accession number SRP119668). Raw sequencing reads were analyzed for quality using 111
FastQC. Low quality bases and adaptor sequences were trimmed by using the FASTX toolkit 112 and high quality reads were assembled into transcripts using the Trinity assembler (Grabherr et 113 al., 2011) . The relative transcription levels of eight protease and four nuclease genes were examined 141 across the three tissues, ASG, PSG and gut. Enzyme coding sequences were first confirmed by 142 Sanger sequencing. Primers designed for amplification of 500 bp regions using Primer3Plus 143 software (http://primer3plus.com/cgi-bin/dev/primer3plus.cgi) are listed in Supplementary Table  144 S1. RT-qPCR analysis was performed with three biological and three technical replicates on an 145 iCycler™ iQ Optical system (Bio-Rad, Hercules, CA, USA). Tissues (ASG, PSG and gut) were 146 isolated from a total of 40 N. viridula adults for each replicate. Total RNA was isolated using 147
Trizol reagent. For each replicate, first strand cDNA was synthesized from 1 µg RNA using the 148 
Assembly and functional annotation of the N. viridula tissue transcriptomes 159
Three separate assemblies of high quality reads obtained by deep sequencing of RNA 160 from the ASG, PSG and gut were prepared using the Trinity Assembler. The numbers of 161 assembled contigs, the total length of those contigs, mean transcript length, and N50 for each 162 tissue are summarized in Table 1 . Analysis using BLASTx against the NCBI nr protein database 163 showed that 27% of PSG-, 34% of ASG-and 53% of gut-assembled sequences hit previously 164 reported protein sequences, with significant E-values ranging from 1e −180 to 0 ( Fig. 1A) . The 165 majority (65-82%) of the top BLAST hits for sequences from all three tissues were to the 166 recently annotated genes of the brown marmorated stink bug, Halyomorpha halys (Fig. 1B) . In 167 addition to insect proteins, 5% of the ASG top hits were to proteins derived from microsporidia, 168
Nosema spp., which are pathogens of stink bugs (Hajek et al., 2017) . Approximately 4% of the 169 top hits for gut transcripts were to sequences derived from Pantoea spp., bacterial symbionts that 170 reside in stink bug guts (Prado and Almeida, 2009 ). About 1% of the gut transcripts hit E. coli 171 genes ( Fig. 1B) . 172
The Gene Ontology (GO) annotation grouping of transcripts into different categories is 173 shown in Figure 1C . Within the 'biological process' GO category some 4,000 transcript 174 sequences for each tissue were assigned to 'cellular process' and about 4,500 to 'metabolic 175 process'. Transcripts assigned to the 'cell' (~ 2,000) and 'organelle' (~ 1,500) subcategories 176
were the most abundant among the 'cellular component' GO category. Within the 'molecular 177 function' category, more than 5,000 and 3,500 transcript sequences were associated with binding 178 and catalytic activity functions, respectively for each of the three tissue transcriptomes (Fig. 1C ). 179 180
Confirmation of protein expression by reference to gut and salivary gland proteomes 181
To analyze contigs that potentially encoded proteins ≥ 100 amino acids (aa), putative full-182 length or partial protein sequences were translated (CAP3 contig sets). Analysis of potential 183 protein sequences translated from the three contig sets (one per tissue) is summarized in Table 2 . 184
The number of contigs that potentially encoded protein sequences of ≥100 aa ranged from 185 12,056 (gut) to 16,664 (ASG) ( Table 2 ). The gut had the highest percentage (38%) of transcripts 186 that potentially encoded proteins ≥ 100 aa, while the PSG had the lowest with only 16.67% 187 (Table 2) . These translated protein sequence sets were used as targets for mapping of peptides 188 that resulted from a previous proteomics analysis of N. viridula salivary gland and gut (Lomate 189 and Bonning, 2016). The mapping results are summarized in Table 3 . All of the protease and 190 nuclease sequences identified from the tissue-specific proteomes, were represented in the 191 transcriptomes in the current analysis. The numbers of peptides that mapped to translated 192 transcripts were comparable across the three tissues. Although the fewest contigs were obtained 193 from the gut transcriptome (Table 1) , the translated gut transcriptome had the highest number 194 and percentage of hits from gut proteome-derived peptides (Table 3) . Overall, some 25% of the 195 gut transcripts predicted to express proteins ≥ 100 aa were detected at the protein level, with 17% 196 and 21% in the ASG and PSG, respectively (Table 3) . appear to be full-length ( Supplementary Fig. S1 ), which will be clarified once the N. viridula 219 genome sequence becomes available. The number of N. viridula proteases with homology to the 220 major protease groups is listed in Table 4 . Of the major enzyme groups, 44 peptidase transcripts 221 (21 aminopeptidases, 19 carboxypeptidase and 4 dipeptidases) were identified along with 80 222 transcripts of cathepsin-, chymotrypsin-and trypsin-like proteases (Table 4 ). About 37.6% (53) 223 of the proteins translated from these protease and peptidase-like transcripts were identified in the 224 proteomic profiles of N. viridula (Table 4 , Supplementary Table S2 ). Of the 51 proteases 225 detected in the proteome, signal peptides were identified in 33. Twelve lacked signal peptides 226 and five were indeterminate due to incomplete 5' sequence data ( Supplementary Table S2 ). 227
To assess the relative abundance of the protease and peptidase transcripts, transcript 228 RPKM was compared between tissues (Figure 3 , Supplementary Table S2 ). Although more than 229 100 protease and peptidase-like proteins were identified from the transcripts, relatively few were 230 expressed at very high levels (> 500 RPKM ). Proteins encoded by the most abundant transcripts 231 were detected in the proteome ( Supplementary Table S2 Table S3 ). The contigs hit 90 unique nuclease-like genes the majority of which were derived 259 from H. halys. Compared proteases and peptidase transcripts, fewer full-length or near full-260 length nuclease transcripts were assembled. The relative abundance of the nuclease transcripts 261 (RPKM) across tissues is shown in Figure 4 . The overall abundance of nuclease transcripts was 262 lower than that of protease transcripts with only 15 nucleases found in the proteomic datasets. Of 263 these, most were found in the salivary gland ( Supplementary Table S3 ). Although 34 264 endonuclease-related contigs were assembled, no endonucleases were identified in the protein 265
profiles. 266
A single ribonuclease O-like transcript (ribonuclease-C20), a widespread RNase T2 267 family of secreted RNases, had high transcript abundance (RPKM of ~4320) in the PSG. Clear 268 trends with specific proteolytic enzyme types predominating in specific tissues (Fig. 3) were not 269 apparent for the nucleases (Fig. 4 , Supplementary Table S3 ). 270 271
RT-qPCR-based validation of relative N. viridula protease and nuclease transcript levels 272
The relative abundance of enzyme transcripts is reflected by their respective RPKM 273 values ( Supplementary Tables S2 and S3 ). Furthermore, the majority of protease and nuclease-274 like proteins with high RPKM values were identified from the N. viridula gut and salivary gland 275 proteomes. To further compare relative transcript abundance, we selected 12 transcripts for 276 analysis by RT-qPCR with gene-specific primers. The RT-qPCR data for the selected protease 277 and nuclease transcripts displayed differential abundance across tissues that correlated well with 278 RPKM data when RPKM >1,000 ( Relatively low abundance transcripts (RPKM) were detected across all three tissues for these 290 proteases (Fig. 5A ). 291
Similar results were observed for nuclease transcripts with RT-qPCR data reflecting 292 RPKM data when RPKM > 500 ( Supplementary Table S3 ). Ribonuclease-C20 in the PSG was 293 the only nuclease transcript with an RPKM > 50 (RPKM 4,321; Figure 5B ). Although this 294 relatively high transcript abundance in PSG was reflected by both RT-qPCR and RPKM data, 295 RPKM data suggested that transcript levels in ASG and gut were comparably low. Of the 4 296 nuclease genes examined (Fig. 5B) , full length transcripts were assembled for exoribonuclease-297 C15 (RNA exonuclease 4) and nucleotidase-C14 (cytosolic purine 5'-nucleotodiase). Transcripts 298 for these nucleases were detected at low levels across all three tissues. 299 300
Discussion 301
The motivation behind the work reported here was delineation of the specific enzymes 302 contributing to protease and nuclease activity in the salivary gland and gut of N. viridula, 303 building on previously reported enzyme activity and proteomic data for this species (Lomate and 304 Bonning, 2016) . In addition, we sought to clarify the potential role of the ASG in digestive 305 processes through production of digestive enzyme transcripts. We sequenced the N. viridula 306 ASG, PSG and gut transcriptomes, identified and functionally annotated the key protease and 307 nuclease transcripts ( Supplementary Tables S2 and S3 ). Analysis of transcript abundance with 308 reference to the salivary gland and gut proteomes indicated that the more abundant the transcript, 309 the more likely the detection of the corresponding protein in the proteome. The transcriptome 310 data for the ASG, PSG and gut largely support previous findings related to differential 311 expression of proteases between the salivary and gut tissues of N. viridula. Comparison of RT-312 qPCR data with RPKM values suggests that only RPKM values >500 provide a reliable 313 indication of relative transcript abundance. 314
Although numerous transcripts were identified from the transcriptomes of ASG, PSG and 315 gut with homology to known sequences, less than 40% of the transcripts from ASG and PSG 316 were annotated, compared to 56% of those from the gut, possibly due to the lack of genomic 317 information for N. viridula. Only 17-38% of transcripts from ASG, PSG and gut encoded 318 proteins >100 aa. Nevertheless, the unique transcripts from different tissues reported here 319 represent a significant proportion of the functional genes from this insect pest. nucleases were found in the salivary gland peptide database. These data for differential 354 transcription of proteases and nucleases, indicate that the gut and PSG play the most important 355 roles in protein digestion, while the PSG and ASG are the most important for RNA and DNA 356 degradation. This results align well with overall protease activity and nuclease activity profiles 357 reported previously for the N. viridula salivary gland and gut (Lomate and Bonning, 2016) . It is 358 likely that following gene duplication some of the genes may have acquired functions other than 359 that of digestive protease (Li et al., 2005) , as noted previously for a venom protease in aphid 360 soldiers (Kutsukake et al., 2004) . 361
The combined use of transcript abundance (RPKM) and proteomics analysis proved to be 362 an efficient approach to investigate the profiles of the most abundant enzymes. Validation of 363 relative transcript abundance between tissues by RT-qPCR could only be used to confirm 364 differential expression of proteases that had significantly different RPKM i.e. with >100-fold 365 difference. For the proteases and nucleases that did not exhibit differential transcription across 366 tissues with RPKM of <500, RT-qPCR results did not consistently agree with the relative RPKM 367 values highlighting the sensitivity limitations of the respective methods. The two lobes of the stink bug salivary gland are believed to produce watery saliva (ASG) 384 and sheath saliva (PSG) (Kumar and Sahayaraj, 2012; Miles, 1972; Will et al., 2012) . Watery 385 saliva is involved with digestion of plant food and contains essential digestive enzymes. Sheath 386 saliva forms the salivary sheath, a hard, straw-like structure that forms a seal around the stylets 387 during feeding. We characterized the transcriptomes of ASG and PSG separately although 388 dissection of the two separate lobes is not trivial, to address their respective roles in digestive 389 enzyme production. Data presented in Figure 3 In conclusion, we have identified the transcripts for 269 proteases and nucleases from the 411 N. viridula ASG, PSG and gut transcriptomes. We provide a comprehensive analysis of the 412 relative transcript abundance in the three digestive tissues based on both transcriptomic and 413 proteomic datasets. The differential relative abundance of putative digestive enzyme transcripts 414 highlights the use of distinct digestive enzymes by gut and salivary gland toward the highly 415 evolved and unique digestive physiology of this insect. To be effective, protein-or nucleotide-416 based bioactives must withstand enzymatic exposure during both extra-oral and gut-based 417 digestion for stink bug suppression. 418 419 
